The observation of photoconduction and nonlinear optical absorption on functionalized multiwall carbon nanotubes decorated with platinum is reported. The samples were prepared by a chemical vapor deposition method. The electrical conductivity of the carbon nanotubes seems to be decreased by the functionalization process; but this property is strongly enhanced after the incorporation of platinum particles. Nonresonant photoconductive experiments at 532 nm and 445 nm wavelengths allow us to detect a selective participation of the platinum to the photoelectrical response. A mechanooptic effect based on Fresnel reflection was obtained through a photoconductive modulation induced by the rotation of a silica substrate where the samples were deposited as a thin film. A two-photon absorption process was identified as the main physical mechanism responsible for the nonlinear optical absorption. We consider that important changes in the nonlinear photon interactions with carbon nanotubes can be related to the population losses derived from phonons and the detuning of the frequency originated by functionalization.
Introduction
One of the most significant scientific interests related to studying carbon nanostructures comes from their particular advantages for designing nanosystems that can be improved by a number of materials [1] . Among some examples devoted to investigating highly sensitive instrumentation of signals, diverse reports have been dedicated to describing mechanical [2] [3] [4] [5] or electrical [6] [7] [8] tasks that highlight the extraordinary properties exhibited by carbon nanotubes (CNTs).
Several preparation methods for evaluating the morphological and structural characteristics of CNTs have been carried out [9, 10] ; and also the possibility of influencing the resulting physical functions of advanced materials based on CNTs seems to be attractive [11] . Moreover, it is notable that the adjustment of singular physical features during the processing route of different samples has been accomplished by implementing hybrid organic-inorganic materials mainly constituted by CNTs [12] [13] [14] [15] .
In many fields of nanotechnology, distinct kinds of CNTs have drawn considerable attention regarding their outstanding optical and electrical parameters [16, 17] . In addition, the great importance of the third order optical nonlinearities of CNTs has also originated to consider them as exceptional materials for proposing all-optical systems displaying powerful absorptive and refractive nonlinear effects [18] [19] [20] [21] [22] . Apparently, the development of nonlinear low-dimensional compound materials is a crucial step towards the improvement of all-optical nanotechnology [23] . So, in regard to the fascinating mechanical, optical, and electrical response 2 International Journal of Photoenergy associated with CNTs, an opportunity to use them for developing multifunctional smart materials can be contemplated.
The research progress of the photoconductive and mechanooptical response of CNTs and other metal elements has originated that different configurations can be considered as ideal candidates for next-generation of flexible transparent conducting films [24] . Decoration of CNTs by metallic nanoparticles (NPs) is attractive because the resulting physical characteristics exhibited by the individual components can be enhanced [25] [26] [27] . Using electrochemical deposition methods, a good control on size and densities of Pt NPs or bimetallic Pt-Ru NPs decorating CNTs has been accomplished [28, 29] . On the other hand, microwaveassisted hydrothermal synthesis has allowed the preparation of Pd NPs, Ni NPs, and Sn NPs decorated on CNTs [30] . Following a polyol process, homogeneous distributions of Au NPs, Ag NPs, Pt NPs, and Pd NPs, as well as bimetallic PtPd NPs and Pt-Ru NPs, have been deposited on CNTs [31] [32] [33] [34] [35] . And it has been pointed out that the optical transmittance and electrical conductivity of the resulting samples can be controlled by the deposition time of the processing route [35] . Moreover, in order to form heterojunctions of CNTs to metal NPs, electron-beam systems have been employed [36] [37] [38] , and Fe NPs, Co NPs, Ni NPs, and FeCo NPs, decorating CNT with improved electrical and mechanical properties, have been obtained [39] .
With this motivation, in this research an attempt has been made to further investigate the potential applications of the photoconductive and mechanooptic response of multiwall CNTs (MWCNTs). Experimental results associated with functionalization, electrical, photoconductive, and nonlinear optical absorption phenomena that were successfully enhanced by platinum decoration of the studied samples are presented.
Experimental Details

MWCNTs: Synthesis and Functionalization.
MWCNTs were produced by thermal decomposition of Toluene (Fermont, 99.9% purity) and Ferrocene (Sigma-Aldrich, 98% purity) in a tubular reactor at = 850 ∘ C, tot = 80.1 kPa for 40 min. Ferrocene was dissolved in Toluene to form the source solution in a 1/39 moL ratio. The solution was nebulized as microdroplets and carried into the reactor by Ar gas with a flow rate of 2.5 L/min. [40] . MWCNTs were functionalized in 3 : 1 v/v mixture of sulfuric (30 mL, 95-97%) and nitric acid (10 mL, 65%) under sonication (42 kHz) for 15 min at room temperature. After functionalization, MWCNTs were repeatedly washed in distilled water, centrifuged, and dried in vacuum [41] . The quality of functionalized MWCNTs (fMWCNTs) was investigated by Raman Spectroscopy (Jobin Yvon Horiba).
Incorporation of Metal NPs on f-MWCNTs.
The f-MWCNTs decorated with platinum particles (Pt/fMWCNTs) were prepared by an in situ vapor-phase grafting process of Pt acetylacetonate [(CH 3 -COCHCO-CH 3 ) 2 Pt Aldrich, 97%] in a quartz tube reactor at total pressure of 0.26 kPa. Pt-acac was decomposed into two sequential thermal steps: the first at 180 ∘ C for 600 s and the second at 400 ∘ C for 600 s in a different reactor segment. Afterwards, the resulting samples were suspended in an ethanol solution contained in a quartz cuvette with 1 mm width. The concentration of the solution was heuristically chosen for a better observation of the optical absorption bands that correspond to the plasmonic response of the samples in their linear optical spectra. Then, the obtained liquid solutions were deposited by dripping on different SiO 2 substrates, deriving from selected thin film samples with a resulting thickness of approximately 1 m. The thin films were used for performing the electrical measurements and the nonlinear optical experiments.
Photoconductive Measurements.
Electrical measurements were evaluated using an Autolab/PGSTAT302N high power potentiostat/galvanostat. The impedance spectrum was measured with a 10 mV signal and an integration time of 1 s. The photoconduction on the samples was separately investigated at 445 nm and 532 nm wavelengths with continuous wave (CW) lasers providing 1 W of average power. The incident polarization of the optical beam was aligned to coincide with the path in measurement. The electrodes used for these experiments were in direct contact with the sample; they were located in the neighborhood of the diameter of the incident beam. The conductivity was measured using two metallic electrodes separated by a distance of 5 mm for each studied sample.
Linear Optical Response.
The linear absorption spectrum of the samples was acquired with a Perkin Elmer XLS UVvisible spectrophotometer.
Photoconduction and Nonlinear Optical Response.
The optical transmittance and photoconduction in the thin films were measured by means of a high irradiance single beam transmittance experiment. A 532 nm wavelength with 1 ns pulse duration was monitored using the second harmonic of a Nd-YAG laser source continuum model SL II-10.
Mechanooptic Regulation of Photoconduction.
Considering the possibility of promoting controlled contributions of light for inducing a photoconduction behavior in the sample, we proposed the optoelectronic system assisted by a mechanical actuator illustrated in Figure 1 . The rotation of the sample generates a change in the transmitted light through the SiO 2 substrate due to Fresnel reflection. So, the variation in the incident light on the Pt/f-MWCNTs allows a modification in the resulting photoconductive effect. and 0.38 for f-MWCNTs. As the and bands are indicative of defects and graphitic structure, respectively, the decrease in the / ratio was interpreted as a reduction of defects in the f-MWCNTs. In addition, the increase in the band intensity for f-MWCNTs was consistently related to a decrement of defects and impurities [42] . A representative field emission scanning electron microscopy (FE-SEM) image of Pt/f-MWCNTs is shown in Figure 3 . Pt particles are uniformly distributed on the external surface of nanotubes. In this sample, energy-dispersive X-ray spectroscopy (EDX) analysis indicated that Pt content was about 5 wt%. High resolution transmission electronic microscopy (HRTEM) observations (inset) revealed that Pt particles have a mean size of 2.3 nm.
Results and Discussion
It has been previously reported that the incorporation of Pt will increase the conductivity exhibited by decorated carbon nanotubes [43] . The electrical results for our studied samples are shown in Figure 4 . As it could be expected, a considerable enhancement in the resulting alternating current (AC) was derived from the incorporation of Pt in the nanotubes. But it is worth noting that the functionalization of the tubes originates a remarkable inhibition of the conductive response, probably because this process may promote the quenching of free holes that generates a change in the conductive phenomena.
Photoconductive results were obtained in darkness and under 532 nm wavelength of irradiation on the samples. The experimental data are presented in Figure 5 . While photoconduction was observed for the undecorated MWCNTs, no photoconduction was detected for the f-MWCNTs, but a redistribution of the charges in the resistive model together with a change in capacitance was present.
Comparatively, photoconductive explorations carried out in the samples by a 445 nm irradiation seem to activate the photoconductive response in the f-MWCNTs as it can be observed from Figure 6 . An evident change in the electric signals can be observed by comparing the different conditions of photonic excitation.
The fitting of the experimental data shown in Figures 4-6 was achieved by numerical simulations considering Ohm's law and the following expression: 
where = − / , = √ −1, is the angular frequency of the AC of electrons, and 1 represent the electric resistances, is the capacitive reactance, and is the capacitance. Best fitting parameters are presented in Table 1 .
Taking into account the data described in Table 1 , for the higher electrical frequencies plotted in Figures 5 and 6 , the photoconductive response in the Pt/f-MWCNTs shows a stronger capacitance behavior associated with the change in their monotonical increase in conductivity. This behavior is consistent with the fact that some electrical charges could be stored by the excitation of Pt ions that are also incorporated in the tubes. Regarding these photoconductive results, it can be considered that the functionalization ought to originate a modification of metastable electronic states that results in a decrease of the conductivity.
On the other hand, the experimental setup illustrated in Figure 1 was implemented in order to explore the possibility of developing a mechanooptic sensor assisted by photoconduction. The response of the system was based on the photoconductive properties of the Pt/f-MWCNTs deposited on a SiO 2 substrate under a 445 nm irradiation with 1 W average power. In Figure 7 are plotted the experimental results acquired as a function on the angle of rotation.
To better describe the contribution of multiphotonic interactions in the electrical measurements, a quantification of the linear and nonlinear optical response of the samples was undertaken. Similar optical spectra were obtained for studied samples with equivalent amounts of MWCNTs, f-MWCNTs, or Pt/f-MWCNTs. close to 270 nm wavelength, an absorbing band associated with the plasmonic response of the studied samples.
A high irradiance optical beam at 532 nm wavelength was selected to observe if any involvement of multiphotonic interaction could be discerned during the propagation of a nonresonant optical beam. Figure 9 illustrates the obtained results; a noticeable modification in the transmittance for the Pt/f-MWCNTs can be clearly distinguished.
The fit of the nonlinear optical transmittance was performed using the expression for the transmitted irradiance ( ) in the presence of nonlinear optical absorption: where represents the nonlinear absorption coefficient, is the total irradiance of the incident beam, eff is the effective length given by eff = (1− − )/ , with the sample length, and is the linear absorption coefficient.
The best fitting for the linear and nonlinear absorptive coefficients for the samples results in 0 = 15 cm −1 and = 1.51 × 10 −7 cm/W for the Pt/f-MWCNTs case. The error bar in the experimental data is around ±5%. A typical behavior of a two-photon absorption (TPA) effect in Pt/fMWCNTs is evidently described by the transmittance results plotted in Figure 9 . This TPA phenomenon, together with the enhancement in the photoconductivity at higher repetition rates of nanosecond pulses, could be associated with an important contribution of multiphotonic interactions that results after the incorporation of Pt in the tubes. In order to explain the observed nonlinear optical response, we considered the dipole approximation in a system of two-level atoms per unit volume under a high optical irradiance. Then, in the limit of large detunings, that is,
where represents the atomic dipole moment, Δ = − 21 is the detuning of the frequency of the incident radiation, 1/ 1 represents the population loss through radiative and nonradiative processes of the upper level, and 1/ 2 represents 6
International Journal of Photoenergy the rate of polarization loss for the off-diagonal matrix elements. From (3) and (4) it is possible to observe an evident influence of the temporal radiative and nonradiative processes on the third order optical response. Under nonresonant conditions, the nonradiative spontaneous emission of the atoms would be much smaller than both the radiative spontaneous emissions; nevertheless, a modification in the optical nonlinearities is expected for important changes in the nonlinear photon interactions mainly related to the population losses derived from phonons and the detuning of the frequency originated by functionalization. For further investigation of the participation of optical absorption in the physical mechanism responsible for the photoconductivity, we irradiated the samples by employing optical pulses at 532 nm with about 50 MW/cm 2 at 1 Hz repetition rate provided by our Nd-YAG system. The data shown in Figure 10 correspond to 5 optical pulses and the results point out an important change in the photoconduction dependent on the incident pulses. Experimental observations compared to previous reports [46] reveal that a noticeable participation of a thermal effect could be expected to activate an additional conductive effect into our samples as it can be seen from Figure 10 .
We calculated the heat-transference generated by optical irradiation in propagation through the sample by using [47] 
where is the temperature, which is a function of the estimated depth in our sample = 1 m. As a first approximation, we considered the thermal conductivity = 200 W/m ∘ K, the density = 1 × 10 −3 Kg/cm 3 , and the heat capacity = 1 × 10 3 J/Kg ∘ K for MWCNTs previously reported [48] . In our case the time of irradiation = 5 s, the linear absorption coefficient = 2 × 10 6 m −1 , and is the optical intensity. The estimated results indicate that an instantaneous temperature change of approximately 180 ∘ K can be expected after the propagation of each pulse. However experimental measurements allow us to state that long duration temperature changes (after at least one second) of about 2 ∘ K were detected in agreement with our calculations. The possibility of enhancing the nonlinear optical response and the electronic features of CNTs samples by the modification of metastable electronic levels appears to be attractive. What is more, we consider that potential applications for tailoring the optical and the electrical response associated with diverse materials can be also improved by the incorporation of NPs capable of changing electrical and optical interactions. Regarding the contribution of the absorptive nonlinearities to the electrical properties of the studied samples, potential applications for developing optoelectronic nanosystems based on decorated CNTs can be contemplated.
Conclusion
A noticeable enhancement in the electrical and photoconductive response exhibited by f-MWCNTs nanotubes was achieved by platinum decoration. Apparently, the incorporation of platinum NPs into MWCNTs originates a modification in the nonresonant electronic levels that can play an important role in the resulting photoconductive and twophoton absorption effects. A simple mechanooptic effect based on the photoconductive response exhibited by the studied samples was observed.
